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Trunk height, diameter, and stomatal conductance measurements were taken over a threeyear time frame on clonal red maple cultivars [Acer rubrum ‘Frank Jr’] on two sites with
varying conditions. Physiological and morphological effects on tree growth were measured on
both sites in response to Pneumatic Fracturing (PF) and Liquid Injection (LI) treatments. The
primary questions asked in study one were: (1) Does stomatal conductance differ among the two
sites during mid-summer? and (2) Do height and diameter measures differ among the two sites?
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modification treatments within each site? Control samples on the Site 2 had significantly more
growth than the controls on the Site 1. PF and LI treatments showed significantly more diameter
growth on the Site 1 while a significant difference was also seen in stomatal conductance
following treatments on Site 1.
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CHAPTER I
INTRODUCTION
Background
During the last century, urban forestry has grown into an important discipline area within
the realm of natural resource management. As the need for urban forestry management has
grown, so has numerous research intuitions and businesses designed to meet end-user objectives
and goals. Urban areas are growing, the World Bank estimates a global population of 4.8 billion
with 54% living in urban areas. There’s a growing body of knowledge that associates trees as
being an important part of communities that are resilient, and socially-ecologically sustainable.
Knowledge of the value of trees has now grown to the point that trees have been described in
current literature as solar powered biotechnology (McPherson 2012). As the field of urban
forestry has developed, researchers have characterized urban environments as potentially being
harsh due to warmer microclimates (urban heat islands) with drier, compacted soils (Williams et
al. 2014). There’s a growing need to create localized urban forest research sites to evaluate plant
performance and plasticity to create urban tree growth models (Farrell et al. 2015, Wheeler et al.
2017). Conducting research along urban – rural gradients has become important for
experimental treatments due to environmental variation that may involve soil compaction, water
shortage, wind corridors (along highways), and temperature variations (Calfapietra et al. 2014).
In this study, I created an urban tree growth model on two sites with varying conditions.
The study was conducted on bareroot clonal red maple [Acer rubrum ‘Frank Jr’] cultivars during
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the establishment process. I measured transpiration and shoot growth between sites and response
to Pneumatic Fracturing (PF) and Liquid Injection (LI) treatments within both sites.
Establishment and Response
Urban forestry research has identified plant establishment as being a critical aspect of
managing a sustainable urban forest (Struve 2009). Establishment is a critical period of time that
could have long-term impacts on plant performance. A plant’s functional traits can be impacted
during establishment and have long-term impacts on fitness including growth, reproduction, and
survival (Faucon et al. 2017). One study suggested some ecotypic variations in the response of
red maple [Acer rubrum] to water availability if drought conditions were present during
establishment (Bauerle et al. 2003). Raj et al. (2011) demonstrated in clonal cultivars that, based
on ecotypic plasticity, a plant could produce different limits of adaptation to various stress
factors and have different limits of stress response. This becomes an important aspect of
establishment, because in urban forestry the use of clonal cultivars is widespread and their longterm responses to stress could be genetically set based off care during establishment (Calfapietra
et al. 2014). Issues such as declining crown condition, root mortality, and xylem cavitation can
appear immediately following abiotic stress and impact a tree for years (Michelot et al. 2012).
Improving site conditions through intense cultural practices (i.e., irrigation, mulch, fertilization,
and aeration) are needed to aid in establishment (Cregg and Ellison 2018, Baldi et al. 2010,
Gilman et al. 2003). While mature urban trees that are established may be able to respond more
readily to beneficial cultural practices, young trees establishing and acclimating to a new site
may show different growth responses and allocate carbohydrates differently than established
trees (Yin et al. 2017).
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Transpiration
Impacts from urban soils is a common, noted stressor of trees in urban areas. Heat stress
is one abiotic stressor that can stem from low transpiration rates and higher temperatures due to a
heat island effect common to urban areas (Calfapietra et al. 2014). The heat island effect and
local site conditions could potentially be major factors in the climatic behavior between two sites
(urban vs. rural) (Gillner et al. 2013). Urban planting sites can be characterized by soils that
often, due to human activity will also show varying levels of compaction (Calfapietra et al. 2014;
Williams 2014). These conditions can lead to an increase in soil strength and decrease in overall
plant health due to the presence of lower amounts of water, microbial activity, and gas exchange
(Jin et al. 2017). Native sites or older developed areas such as woodlots or natural areas can be
characterized by soils with lower compaction rates. These conditions tend to support more
available water, more infiltration, more gas exchange, and less root impedance. Woodlots will
tend to have large pore spaces left by decay of large roots that allow for higher rates of
infiltration (Roberts et al. 2006). Urban sites and newly established developments can at times
have non-heterogeneous soils due to demand to meet engineering specifications in developments.
These conditions can lead to root restrictions and limited resources. Close et al. (1996) studied
water relations for sugar maple [Acer saccharum] and noted higher rates of transpiration from
wood lot trees versus street trees. In Seattle, Washington sweetgum [Liquidambar styraciflua]
was found to show lower transpiration in isolated trees growing in urban plazas versus park trees.
Low transpiration rates can be a sign of urban stress which may also indicate reduced growth and
physiological and morphological changes of urban trees (McCarthy et al. 2010). Liu et al.
(2012) found several morphological and physiological variables were strongly associated with
transpiration and overall water use efficiency. Transpiration is a major physiological function
3

within the plant that helps in cooling and reduction of stress. Over 90% of the water uptake
within a plant is used in transpiration (McElrone et al. 2013). Transpiration is a primary
determinant of leaf energy balance, plant water status, and helps in determining water use
efficiency. Typically, values for irrigated trials are: 300-700 mmol m⁻² s⁻¹ whereas a mildly
water stressed trial can be 80-300 mmol m⁻² s⁻¹ (Pietragalla and Pask 2012). Trees growing in
areas with high heat and low water availability have to adapt and live under heavier heat loads
and allocate energy usage differently which may impact productivity and performance (Litvak et
al. 2017).
Directed Growth
Tree roots help improve soil structure by forming macropore space and aiding in soil
aggregate formation. Tree roots can improve soil physical properties and maintain or enhance
soil organic matter and nutrient uptake (Day et al. 2010b). Roots can act as bio-drills as they
penetrate the soil (Chen 2009). Forage radish and rape were effective at alleviating effects of
soil compaction on plant growth in no-till farming when used as a cover crop at a field site of the
Central Maryland Research and Education Center at Beltsville facility (Chen 2009). Directed
growth is a systems approach to concentrate roots elsewhere; guide growth along channels; and
allow for survival in other areas, root culverts, or layered and engineered soils (Coder 1998).
Filling growth channels with a rich, well-aerated ecologically healthy growth medium will
encourage root colonization and survival and has been described by Coder (1998) as baiting,
channeling, or shepherding. Roberts et al. (2006) characterized this directed growth process as
creating break-out zones within the soil. The goal is to improve soil conditions and then direct
growth away from one area and toward another (Roberts et al. 2006). Roberts et al. (2006) stated
that roots growing in a resource-poor situation will seek out adequate resources and proliferate
4

where those resources are present in large quantities. Roots do find cracks and openings to
explore. Belowground infrastructure, normally impenetrable, can be explored by roots if seams
and cracks exist in structures such as sewer pipes and basement cracks (Day et al. 2010b, Jin et
al. 2017). Roots also have been shown to preferentially grow in cracks and in the path of least
resistance (McMahon and Christy 2000). Roots can enter sewer pipes in broken or loose pipe
joints and then proliferate rapidly once inside the moist, well-aerated nutrient-rich environment
(Watson et al. 2014). Mattheny and Clark (2008) also discussed root proliferation within sewer
pipes when moisture, aeration, and fertilization are at optimum levels. In poor growing
conditions roots seek their way into pipes relatively quickly, while in good growing conditions
the process is considerably slower. Heavier demand for resources indicated that more root
intrusion may be expected (Watson et al. 2014). In the Pohls et al. (2004) study, on the sewer
pipe installation process, the observation was made that roots quickly moved into the loose
cultivated soil surrounding the freshly installed pipe. This would naturally be a way that roots are
baited into that looser soil environment.
Periods of root growth can coincide with periods when the soil is aerated (Coutts 1989).
Observations have been made of roots growing diageotropically in water logged soils and
growing upward toward better aerated zones (Coutts 1989). Research has shown that roots need
a minimum of 12% oxygen for normal growth (Watson et al. 2014). In areas of CO2
concentrations, roots will deflect away in as little as a 2% CO2 concentration. Poorly drained
soils can show a CO2 concentration of 5-10% (Coutts 1989). Hydrotropism is a curvature of
roots toward moisture. Testing has shown roots changing direction towards areas of higher
moisture, suggesting response to humidity gradients (Coutts 1989). Hydrotropic responses have
been observed when 75-82% relative humidity (RH) existed and when localized water stress at
5

the root tip induced a positive geotropic effect. A positive geotropic response by roots in dry soil
would be likely to direct them to a moister layer lower down (Coutts 1989). Watson et al. (2014)
noted that an increase in trunk growth in plots with aeration pipes was attributed to increased soil
moisture in the plot with aeration pipes. Furthermore, Watson et al. (2014) suggested that roots
often grow in the gaps between compacted soil and pavement where moisture is high because the
pavement prevents evaporation and condensation can form beneath.
The aspects of root growth and an understanding of the gradients that roots follow are
important to the study objectives. The global problem of root proliferation inside sewer pipes
shows that roots sometimes move into areas of high resource and proliferate. This same concept
can be applied to this study where PF and LI could potentially create a resource space in the soil
that is utilized by the plant.
Pneumatic Fracturing and Liquid Injection
The process of fracturing soil has been shown in prior studies to impact plant growth and
is used by various industries which engage in arboriculture, turf management, and contaminated
site remediation. Pneumatic Fracturing (PF) involves the subterranean injection of compressed
air or other gases into the soil sub-strata at a pressure strong enough to create cracks and fissures
within the soil. Liquid Injection (LI) involves the injection of liquid substances into the fractured
area to provide specific enhancements to the sub-strata ecosystem. PF and LI have been used
since the early 1990s for enhanced remediation of contaminated sites at factories and military
bases with low soil permeability (McGonigal 1995). This involves the drilling of multiple
fracture wells, fracturing of the sub-strata, and installing vacuum pumps into the wells to aid in
extraction of volatile contaminants. These fractures are important because they increase the rate
of travel for vapors or liquids through the sub-strata and make contaminants more accessible to
6

remediation. LI is then used as a form of bioremediation of the sub-strata by injecting biological
supplements such as nutrients, buffers, and microorganisms directly into the fractured sub-strata
to aid in the degradation of containments (Anderson et al. 1994). These fractures (cracks) in a
soil mass, dramatically change the mechanical and hydrologic behavior of a porous medium.
Fractures reduce shear strength and increase saturated hydraulic conductivity of the soil.
Fractures also provide an increased preferential ﬂow-pathway and hydraulic conductivity of the
soil (Fredlund et al. 2010). Furthermore, the magnitude of soil matric suction change increases
with increasing crack volume, both for evaporation and inﬁltration conditions (Fredlund et al.
2010).
Fracturing soil to aid in plant establishment has been used since the early 1900s (Call and
Throckmorton 1915). Dynamite was initially used to loosen the soil prior to the setting of plants
and restoring of old plants in decline (NNGA 1914). The 1917 edition of the American Forestry
magazine contained testimonials and recommended books on the subject of using dynamite
while planting (American Forestry 1917). A 1911 book produced by the DuPont Company
advertised the advantages of using dynamite. It showed comparison photographs of cherry
(Prunus spp.) and apple (Malus spp.) trees planted in spaded holes versus holes loosened by
dynamite (DuPont Co. 1911).
PF began to be utilized in landscape situations where dynamite presented a higher
liability for end-users. Charles Irish, an inventor and equipment manufacturer, patented five
different soil injectors used in the care of urban trees from 1931-1941 in Bratenahl, Ohio. In
1964, PF coupled with fertilization was studied in a two-month study by Dr. George Yelenosky
at Duke University in North Carolina (Yelenosky 1964). In the 1980s and 1990s other PF and LI
machines were developed and used by arborist. These machines have been used for PF, LI, and
7

the injection of dry materials and were also researched in six different studies (Hascher and
Wells 2007, Chapman 1996, Rolf 1994, Smiley 1994, Rolf 1992, Smiley et al. 1990).
The studies of prior PF LI injection equipment have been beneficial in that the fracture
pattern produced by PF in a landscape application have been studied and documented. This has
been helpful in understanding how air disperses within the soil from various PF devices at
different pressures and volumes. In the Smiley et al. (1990) study, soil evaluation included a
study of the fracture pattern and size. Bulk density was tested at the two sites where tree
diameter growth was studied. Oxygen diffusion rate (ODR) was studied on the Gro-Gun but not
the Terralift. Fractures of both machines were made between 12-18 inches below the soil
surface; however, ODR was only measured at a three-inch depth. The only materials injected
into the fractures were styrofoam insulation, styrofoam ‘C’ beads, and Supersorb ‘F’. These
were intended by the researchers to prop the fractures open to allow long-term aeration. These
items were inert materials not intended to promote plant vigor. The issue with this study is the
inert material placed in the fractures may not have promoted plant vigor and may have taken up
valuable rooting space. It is questionable as to whether a clay needs to be propped open.
Research has shown that clay soils can produce a self-propping effect along the fracture line
following a PF and LI application (Suthersan 1999). Furthermore, making consistent long-term
PF-LI treatments would continue to reopen the soil producing new fractures and channels that
may benefit the root system. These studies have also demonstrated that using PF as a standalone treatment may be ineffective and there may exist a need for adding LI to help supplement
nutrient needs. Treatments used by Smiley (1994) and Rolf (1994) produced poor results for a
single treatment, which may suggest that PF and LI should be utilized multiple times to provide
acceptable results. Rolf’s (1994) treatments showed varying results among different tree species
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studied which may indicate that tree species will vary in response to various treatments. Rolf’s
(1992, 1994) standard treatment also showed different results on two different soil types. This
correlated with earlier findings by Call and Throckmorton (1915) with soil fracturing using
dynamite that also produced different results on different soil types. The implication from these
studies is that urban tree management plans need to be different on varying soil types. There
were a number of problems with prior research. Most studies were not multi-year, multitreatment studies designed to evaluate natural soil processes, physiological functions, and the use
of products shown in research to promote soil and plant health. These studies neglected to
examine whether the tested equipment would have produced positive results when used as a
long-term treatment.
PF and LI treatments have shown results for modifying or impacting soil structure by
changing the soil permeability. Changes seen within the soil can improve oxygen and water flow
and play a role in plant response. The impacts of the PF and LI treatments could lead to the
increase in root response where soil compaction exists. This response could come in the form of
increased water uptake or root expansion in the fractures and channels. Soil compaction has
been shown to limit the flow of water and oxygen within the soil while carbon dioxide
concentrations increase due to lower diffusion rates. During the establishment process, plants
may have a delayed response to shoot growth due to the loss of roots and carbohydrate reserves.
However, a change in transpiration rates may be a more immediate response to the soil treatment
in the study. The study objectives were designed to test for an immediate change in transpiration
rates and to measure long-term growth response on different soils. It takes knowledgeable
operators with an overall knowledge of soil ecosystems, to prescribe different treatment
schedules based on plant health and site conditions (Hodge 1993). Prior research has
9

demonstrated that soil will naturally aggregate, and tree roots will aid in this natural process.
Prior research has also shown that root growth within channels and fractures can occur. Specific
studies have been conducted on PF and LI. Prior studies measured trunk diameter growth but
not physiological responses and may have expected in their hypothesis to see an immediate
growth response. However, these studies have not specifically evaluated PF and LI as a function
to “direct growth” into areas of increased resource space. PF and LI has only been evaluated as a
possible way of immediately changing bulk density but long -term soil effects have not been
evaluated. This study helps to build a baseline of data that is currently not available in literature.
Objectives
Trees in urban areas play a major role in the health of communities. Trees, however;
encounter higher levels of stress in urban areas due to higher temperatures, lower water
availability, soil compaction, pollution and other environmental factors. Site factors have been
shown to play a part in the health of trees, especially during establishment. Urban test sites are
needed locally to help understand how microclimates impact plant growth and long-term
performance. In this study, our intentions were to create an urban tree growth model on two sites
with varying conditions in Mississippi. Height, diameter, and stomatal conductance
measurements were taken over a three-year time frame. Clonal red maple cultivars [Acer
rubrum ‘Frank Jr’], grown in a controlled consistent environment were selected to increase the
likelihood of having the same genetic performance factors (Raj et al. 2011). Physiological and
morphological effects were measured on tree growth between sites and the response to
Pneumatic Fracturing (PF) and Liquid Injection (LI) treatments were measured within both sites.
This was accomplished as two separate study datasets. The primary questions asked in study one
were: (1) Does stomatal conductance differ among the two sites during mid-summer? and (2) Do
10

height and diameter measures differ among the two sites? In study two, I asked: (1) Do height,
diameter and stomatal conductance differ between site modification treatments within each site?
Test hypothesis for study one.
H10 - Untreated trees on both sites will not show a different rate of stomatal conductance.
H1A - Untreated trees on both sites will show a different rate of stomatal conductance.
H20 - Untreated trees on each site will not show a different rate of trunk height growth between
sites.
H2 A - Untreated trees on each site will show a different rate of trunk height growth between
sites.
H30 - Untreated trees on each site will not show a different rate of trunk diameter growth
between sites.
H3 A - Untreated trees on each site will show a different rate of trunk diameter growth between
sites.
Test hypothesis for study two.
H40 - Trees treated with PF and LI will not show a different rate of stomatal conductance than
untreated trees in the same testing block.
H4 A - Trees treated with the PF and LI will show a different rate of stomatal conductance than
untreated trees in the same testing block.
H50 - Trees treated with PF and LI will not show a different rate of trunk height growth than
untreated trees in the same test site.
H5 A - Trees treated with PF and LI will show a different rate of trunk height growth than
untreated trees in the same test site
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H60 - Trees treated with PF and LI will not show a different rate of trunk diameter growth than
untreated trees in the same test site.
H6 A - Trees treated with PF and LI will show a different rate of trunk diameter growth than
untreated trees in the same test site.
H70 - Trees treated with PF and LI will not show a different rate of total trunk height growth than
untreated trees in the same test site over the three-year period.
H7A - Trees treated with PF and LI will show a different rate of total trunk height growth than
untreated trees in the same test site over the three-year period.
H80 - Trees treated with PF and LI will not show a different rate of total trunk diameter growth
than untreated trees in the same test site over the three-year period.
H8A - Trees treated with PF and LI will show a different rate of total trunk diameter growth than
untreated trees in the same test site over the three-year period.

Study Area
The Mississippi climate is characterized as a humid subtropical climate region,
characterized by temperate winters; long, hot summers; and rainfall that is evenly distributed
through the year (https://www.geosciences.msstate.edu/state-climatologist/climate). These
conditions can be useful in studying the impacts of urban sites conditions on tree growth in the
southeastern United States. Due to limited research funds, space, and resources the study was
limited to two sites. Two study areas were selected at Toyota Motor Manufacturing Mississippi,
Inc. 1200 Magnolia Way Blue Springs, MS 38828 by Toyota environmental specialist Sean
McCarthy. This site was selected due its varying site conditions, locality and on-site security.
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Access was acquired to both sites in June 2013. The two experimental sites took up roughly one
acre combined. Historically, the land use on these sites was forestry (Figure 1). In 2008, Toyota
began building an automobile manufacturing plant in this locale. During construction, the site
was graded and prepared for construction. This industrial site is ideal due to its varying site
conditions (Figure 2). Soil tests showed that both locations had a similar soil pH value of 7.5-7.6
pH and similar nutrient levels, however; other soil and climatic factors differ between the sites.

Figure 1

Image of the Toyota building site (Blue Springs, MS) showing prior land usage of
site locations. Circa 1996, Google Earth.
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Figure 2

Image of the Toyota Motor Manufacturing plant (Blue Springs, MS) showing the
plot locations after construction. Circa 2012, Google Earth.

Site 1 was located on the northeastern side of the plant in an area designed as a future
parking lot (Figure 3). This site was selected due to its harsh soil and climatic conditions.
Following tree removal near the interstate, the front of the facility now experiences a wind
tunneling effect especially during the winter (Sean McCarthy, personal communication, 2014).
During construction, limestone substrata material was mined to a depth of 50 feet from the plant
location where large manufacturing equipment was installed. Construction engineers took this
material and redistributed it in the area of Site 1 in 1-3-foot lifts and flatten it out to final grade.
Prior to construction, Site 1 had a Natural Resource Conservation Service (NRCS) soil
classification of Atwood silt loam with 5-8% eroded slopes. Following construction of the plant,
the soil changed to a disturbed Atwood soil type with lower ripley parent material with a
compaction layer at a ten-inch depth and 0-1% slope.
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Figure 3

Image of the Toyota Motor Manufacturing property (Blue Springs, MS) showing
Site 1. Located at gate 3 on the northeast corner of the facility. Circa 2015, Google
Earth.

Site 2 was located on the west side of the plant in a semi-natural area adjacent to a pond
that Toyota has designated as a wildlife refuge area (Figure 4). This site was selected to
represent a native soil site with an established heterogeneous soil that was undisturbed during
construction. Site 2 has an NRCS soil classification of a Mantachie silt loam with 0-2% slopes
and will occasionally flood. The site did occasionally flood and a drainage trench was installed
to reduce flooding.
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Figure 4

Image of the Toyota Motor Manufacturing property (Blue Springs, MS) showing
Site 2. Located at gate 3 on the western side of the facility. Circa 2015, Google
Earth. facility.
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CHAPTER II
METHODS
Bareroot Establishment
Red maples used in the study were acquired from J. Frank Schmidt & Son Co; 13355 SE
Orient Drive, Boring, Oregon. All trees were research grade clonal trees grown from cuttings
and from the same parent tree. On March 26, 2014, 110 bareroot cloned red maples were
planted. Each research site contained 55 red maples. The trees on each site were planted in a
block measuring approximately 55 feet x 100 feet. The overall grid pattern consisted of five
rows each containing 11 trees spaced at 10-foot centers. Prior to planting, each tree was
numbered 1 - 110 and numbers were drawn randomly to determine planting location of each
sample. The spacing of samples in Site 1 are irregular on a portion of the plot and received more
than 10 samples per row. Rocky soil conditions in Site 1 prevented planting of several trees
which were relocated further down the row as shown in (Figure 3). No planting issues were
encountered on Site 2 and all rows are equal as shown in (Figure 4). Aluminum plant
identification tags were attached to each sample with the sample number. The trees were planted
using a 12-inch-wide hydraulically operated auger. Each tree was then staked with three pieces
of ¼” rebar equally spaced around the tree and tied with hay baling twine. Hay was used as
mulch and installed around each tree in a 6-foot X 6-foot area. The trees had an initial average
height of 92.14 inches and average diameter of 0.83 inches. Soil resistance measurements were
taken with a Spectrum Technology Inc. Field Scout sc900 soil compaction meter. Site 1 had a
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high level of resistance at 3.8 MPa while Site 2 had a low level of resistance at 1.1 MPa. Site 1
had sparse vegetative ground cover and a water infiltration rate of <0.04 in/hour, while Site 2 had
established vegetative ground cover and a water infiltration rate of >0.80 in/hour. Site
maintenance included mowing every two to three weeks and spraying glyphosate to control
weeds within the mulch. Deer control fencing was installed on Site 2 in the winter of 2014, after
deer began damaging the trunk portion of several trees. Additionally, a drainage trench was cut
in the early spring of 2015 to drain excess water from the northeast section of Site 2.
Treatments
Study experiments were conducted as common garden experiments. Each of the 55 trees
in each site were randomly assigned to one of four experimental treatment schedules prior to
beginning treatments. The assigned treatments include F-1, F-2, F-3, and Control (C) (Table 1).
Controls (C) were randomly assigned on both sites. The control samples were left to grow
naturally, and no treatments of PF and LI were made on the controls. The standard treatment
included three injections sites per tree and included PF and LI in the amount of eight fluid
ounces of proprietary substrate per injection site. The F-1 treatment was the standard treatment
and was made one time during the summer of the first year, 2014. The F-2 treatment was the
standard treatment made during the summer of the first and second year (2014 and 2015). The
F-3 treatment was the standard treatment made three times during the summer of the first,
second, and third year (2014, 2015 and 2016). The final breakdown consisted of 16 controls, 13
F-1 treatments, 13 F-2 treatments, and 13 F-3 treatments on site 1 and 16 controls, 13 F-1
treatments, 13 F-2 treatments, and 13 F-3 treatments on site 2.
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Table 1

Treatment schedule for assigned treatments F-1, F-2, F-3, and Control (C). “NT”
means “no treatment” and “T” means treatment.

1st year - (2014)

Controls
NT

F-1
T

F-2
T

F-3
T

2nd year - (2015)

NT

NT

T

T

NT

NT

NT

T

rd

3 year - (2016)

Field Measurements
Stomatal conductance and transpiration data were obtained using a Decagon Devices
Model SC-1 steady state porometer. Transpiration rates (mmol m⁻² s⁻¹) are controlled by leaf
stomata and water availability. Stomatal conductance is an expressed value of the stomatal
activity. Measurements were made at mid-day between 10:00 A.M. and 2:00 P.M. CST on a
Monday, Wednesday, Friday weekly basis before and after treatments were made.
Measurements were made on three sunlit leaves in the mid-crown of each tree as seen in Close et
al. (1996) and as recommended by the manufacturer.
Tree growth measurements were patterned after Close et al. (1996). Tree height was
measured using a telescoping measuring rod and trunk diameter was measured with a diameter
gauge at a pre-marked height of six inches above the root collar. Measurements were taken
initially following planting and twice per year in June and December following leaf drop.
Analysis
Stomatal Conductance
A two-way mixed ANOVA test using IBM SPSS Statistical Software (IBM 2017) was
used to analyze interactions in stomatal conductance between controls and treated samples,
before and after treatments on the same site in study two. No two-way mixed ANOVA tests
were conducted on stomatal conductance between both sites in study one. Outliers were
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assessed by boxplots and the data was assessed for normal distribution with a Shapiro-Wilk's test
of normality (p > .05). Levene's test of homogeneity of variances and Box's M test, was used to
assess homogeneity of variances (p > 0.05) and covariances (p > 0.05) respectively. The
assumption of sphericity was assessed by Mauchly's test of sphericity (p > 0.05). A statistically
significant interaction between the treatments and time on stomatal conductance was met if the
critical alpha value was (p < 0.05).

Trunk Height and Diameter Growth
Analysis of variance was performed using an independent sample T-test in SPSS (IBM
2017) on four data sets. A two-block system was utilized, and all experimental treatments were
used in a randomized complete block design consisting of F-1, F-2, F-3, and Control (C). For
each variable in the study, mean comparisons were made. Analysis was performed on data of
each treatment-year separately and on the data from pooled experiment-years within each site.
The distribution was normalized. A statistically significant difference between measurements
was met if the critical alpha value was (p < .05).
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CHAPTER III
RESULTS
Natural Growth Analysis between Sites
Tree mortality was seen on both sites during the study. Site 1 had mortality rates of
1.82% (2014), 14.81% (2015), and 2.17% (2016). Site 2 had mortality rates of 10.91% (2014),
4.08% (2015), and 0% (2016). Within this analysis of plant responses to environmental factors, I
specifically tested differences between the untreated controls on both Sites.
Stomatal Conductance
On observation of stomatal conductance measurements on controls between Sites 1 and
2, it was apparent that results differed each year. For hypothesis H40 and H4A the null
hypothesis H10 was accepted in 2014 and 2016 but rejected in 2015 and H1A was accepted in
2015. The mean stomatal conductance of both sites differed based on site conditions. Site 2 had
higher stomatal conductance rates in years one and two, however, Site 1 had a higher rate in the
third year, but not at a significant value (Figure 5). In the second-year Site 2 had a significant
higher level of stomatal conductance (p = 0.016) (Table 2).
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Table 2

Hypothesis H1-H3 for site comparisons of stomatal conductance, height, and
diameter measurements. P values for controls on Site 1 and Site 2 for 2014, 2015,
2016. Equal variances assumed on stomatal conductance T-tests but not height and
caliper. F and Sig values are for Levene's Test for Equality of Variances. Values of
t, df, and Sig. (2-tailed) are for t-test for Equality of Means.
Hypothesis

F

Sig.

t

Sig. (2Mean
Std. Error
Site 1 Mean / Site 2 Mean /
Lower Upper
tailed) Difference Difference
Std Error
Std Error

df

Hypothesis - H1 (Stomatal
Conductance mol/(m²·s))
2014 Site 1 versus Site 2
2015 Site 1 versus Site 2
2016 Site 1 versus Site 2

0.206

0.662 -1.036

8

0.330

-100.92443

97.41604

-325.57

0.258

0.625 -3.676

8

0.006

-50.11724

13.63546

-81.56

0.930

0.363

8

0.634

14.50864

29.30116

-53.06

0.495

123.72

308.85 ± 71.39

-18.67 277.27 ± 11.62
82.08 320.78 ± 30.31

411.76 ± 85.5

332.71 ± 12.03
305.21 ± 22.54

Hypothesis - H2 (Height inches)
2014 Site 1 versus Site 2
2015 Site 1 versus Site 2
2016 Site 1 versus Site 2
Total Height (2014-2016) Site
1 versus Site 2

-3.23

12.72

0.01

-7.36

2.28

-12.30

-2.42

3.00 ± 0.78

10.36 ± 2.14

-1.76

12.54

0.10

-7.53

4.29

-16.83

1.77

10.20 ± 1.43

-3.89

11.74

0.00

-15.23

3.92

-23.80

-6.67

6.65 ± 1.10

17.72 ± 4.040
21.89 ± 3.76

-4.21 11.01

0.00

-29.55

7.02

-45.00

-14.10

20.43 ± 1.53

49.91 ± 6.84

-2.75

12.58

0.02

-0.15

0.05

-0.27

-0.03

-1.99

12.08

0.07

-0.16

0.08

-0.34

0.02

-4.33

11.22

0.00

-0.28

0.07

-0.43

-0.14

0.12 ± 0.02
0.53 ± 0.02
0.25 ± 0.015

0.27 ± 0.05
0.69 ± 0.08
0.53 ± 0.06

-3.51

11.13

0.00

-0.59

0.17

-0.97

-0.22

0.89 ± 0.03

1.49 ± 0.16

Hypothesis - H3 (Caliper inches)
2014 Site 1 versus Site 2
2015 Site 1 versus Site 2
2016 Site 1 versus Site 2
Total Caliper (2014 - 2016)
Site 1 versus Site 2
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Figure 5

Hypothesis – H1. Site T-test results for stomatal conductance, for controls on Site 1
(plot 1 on graph) and Site 2 (plot 2 on graph) for 2014, 2015, and 2016 box plot
illustrations.
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Trunk Height and Diameter Growth
On observation of trunk height measurements on controls between Sites 1 and 2, results
indicated differences each year. The null hypothesis H20 was accepted in 2015 but rejected in
2014 and 2016 and H2A was accepted in 2014 and 2016. The mean trunk height of both sites
differed significantly between sites. Site 2 had greater height growth rates in all three years
(Figure 6). In the first and third year, Site 2 had significantly more trunk height growth (p =
0.01, p = 0.00) (Table 1). Mean diameter growth also differed in all three years (Figure 7). Site
2 had greater diameter growth rates in all three years (Figure 7). The null hypothesis H30 was
accepted in 2015 but rejected in 2014 and 2016 and H3A was accepted in 2014 and 2016. In
2014 and 2016, Site 2 had significantly more diameter growth (p = 0.02, p = 0.00) (Table 1).
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Figure 6

Hypothesis – H2. Site t-test results for height (HT) on controls on Site 1 (plot 1 on
graph) and Site 2 (plot 2 on graph) for 2014, 2015, and 2016 box plot illustrations.
25

Figure 7

Hypothesis – H3. Site t-test results for diameter (Dia) on controls on Site 1 (plot 1
on graph) and Site 2 (plot 2 on graph) for 2014, 2015, and 2016 box plot
illustrations.
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Site Treatments
Stomatal Conductance
A two-way mixed ANOVA test was processed using SPSS. The two-way mixed
ANOVA test conducted on stomatal conductance interaction with the treatment and time was
used on five treated samples and five control samples within each site (Hypothesis H40 and H4A).
There were no outliers in the data, as assessed by inspection of a box plot. Stomatal conductance
concentration was normally distributed, as assessed by Shapiro-Wilk's test (p >0.05). Stomatal
conductance concentration was also normally distributed, as assessed by Normal Q-Q Plot.
There was homogeneity of variances, as assessed by Levene's test of homogeneity of variance (p
>0.05) and homogeneity of covariances, as assessed by Box's test of equality of covariance
matrices (p = 0.898). On Site 1, the null hypothesis H40 was accepted in 2015 but rejected in
2014 and 2016 and H4A was accepted in 2014 and 2015 (Table 3). On Site 1 there was a
significant interaction between the treatments and time on stomatal conductance concentration in
2014 and 2016 (p = 0.002, p = .007) (Figure 8). On Site 2, the null hypothesis H40 was accepted
in all three years of testing. No significant differences were seen on Site 2 in 2014, 2015 or 2016
(Figure 9). Table 3 shows the ANOVA outputs for Sites 1 and 2 across all three years.
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Table 3

For study years 2014 - 2016, Sites 1 and 2. Hypothesis H40 and H4A, Two-way
mixed ANOVA output for percent change in stomatal conductance rates over
treatments (control and treated) and time (pre-treatment stomatal conductance
average and post-treatment stomatal conductance average). Sphericity was
assumed.

Hypothesis - H4 (Anova test Stomatal conductances
interaction with treatment)
2014 Site 1
2015 Site 1
2016 Site 1
2014 Site 2
2015 Site 2
2016 Site 2

Source
Time X group
Time X group
Time X group
Time X group
Time X group
Time X group

Partial
Eta
Squared

Type III Sum of
Squares

df

Mean Square

F

38292.982

1

38292.982

20.130

0.002

0.716

1292.063

1

1292.063

3.286

0.107

0.291

7278.257

1

7278.257

13.145

0.007

0.622

942.153

1

942.153

0.113

0.745

0.014

27.261

1

27.261

0.009

0.928

0.001

55.945

1

55.945

0.064

0.807

0.008
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Sig.

Figure 8

Hypothesis – H4. Study years 2014 -2016, Site 1 (plot 1 on graph). A two-way
mixed ANOVA output for percent change in stomatal conductance (SC) rates over
treatments (control and treated) and time (pre-treatment stomatal conductance
average and post-treatment stomatal conductance average). Sphericity was
assumed.
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Figure 9

Hypothesis – H4. Study years 2014 -2016, Site 2. (plot 2 on graph) A two-way
mixed ANOVA output for percent change in stomatal conductance (SC) rates over
treatments (control and treated) and time (pre-treatment stomatal conductance
average and post-treatment stomatal conductance average). Sphericity was
assumed.
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Trunk Height and Diameter Growth
An independent-samples t-test was used to determine if there were differences in height
growth rates between treated samples and controls within each site (Hypothesis H50 and H5A).
Independent-samples t-test were also used to determine if there were differences in trunk
diameter growth rates between treated samples and controls within each site (Hypothesis H60
and H6A). In additional tests (Hypothesis H70 and H7A; H80 and H8A), we used independentsamples t-test to determine if there was differences in total growth rates over the three year study
between treated samples and controls within each site (total growth of controls versus total
growth of F1, total growth of controls versus total growth of F2, total growth of controls versus
total growth of F3). There were no outliers in the data, as assessed by inspection of a box plot.
Measurements for the controls and treated trees were normally distributed, as assessed by
Shapiro-Wilk's test (p >0.05), and there was homogeneity of variances, as assessed by Levene's
test for equality of variances (Table 4). In the H5 hypothesis, the null hypothesis H50 was
accepted on both Site 1 and Site 2 in all years (Figure 13, Figure 14). In the H6 hypothesis, the
null hypothesis, H60 for site 1 was accepted in 2014 and 2015 but rejected in 2016 and H6A was
accepted in 2016 (Figure 11). On Site 2 the null hypothesis H60 was accepted in all three years
(2014, 2015 and 2016) (Figure 12). In the H7 hypothesis, the null hypothesis H70 for Site 1 and
Site 2 was accepted in all years. In the H8 hypothesis, the null hypothesis H80 for Site 1 was
accepted in 2014 and 2015 and rejected in 2016. On Site 1 H8A was accepted in 2016 (Figure
10). On Site 2 the null hypothesis H80 was accepted in all years (2014, 2015 and 2016)
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Table 4

Hypothesis H5 – H8. The use of t-tests to measure controls versus treated (F1, F2,
F3) trees for height and diameter measurements. P values for controls on Site 1 and
Site 2 for 2014, 2015, and 2016. Equal variances assumed on all t-tests. F and Sig
values are for Levene's Test for Equality of Variances. Values of t, df, and Sig. (2tailed) are for t-tests for Equality of Means.
Hypothesis

F

Sig.

t

df

Std.
Mean
Sig. (2Error
Differen
Lower
tailed)
Differen
ce
ce

Upper

Control Mean Treatment Mean
(inches) / Std
(inches) / Std
Error
Error

Hypothesis - H5 (Height - inches)
2014 Site 1 Control vs. Treated (F1, F2, F3)

0.01

0.94

0.57

52.00

0.57

0.55

0.97

-1.39

2.49

3.00 ± 0.79

2.45 ± 0.53

2015 Site 1 Control vs. Treated (F2, F3)
2016 Site 1 Control vs. Treated (F3)

0.874

0.357

0.405

33

0.688

0.65000

1.60687

-2.61921

3.91921

1.437

0.243

0.136

23

0.893

0.20000

1.47319

-2.84753

3.24753

10.20 ± 1.44
7.10 ± 1.08

9.55 ± 0.88
6.90 ± 0.78

2014 Site 2 Control vs. Treated (F1, F2, F3)

4.17

0.05

0.68

47.00

0.50

1.23

1.81

-2.42

4.88

10.36 ± 2.14

9.13 ± 0.76

2015 Site 2 Control vs. Treated (F2, F3)
2016 Site 2 Control vs. Treated (F3)

0.306
1.221

0.584
0.282

-1.268
1.46

33
20

0.214
0.16

-5.81439
6.57273

17.73 ± 4.04
21.89 ± 3.76

23.54 ± 2.49
15.32 ± 2.47

2014 Site 1 Control vs. Treated (F1, F2, F3)

0.22

0.64

0.17

49.00

0.87

0.00

0.02

-0.04

0.04

0.12 ± 0.02

0.11 ± 0.01

2015 Site 1 Control vs. Treated (F2, F3)
2016 Site 1 Control vs. Treated (F3)

1.67
0.72

0.20
0.40

-1.48
-4.20

40.00
23.00

0.15
0.00

-0.05
-0.10

0.03
0.02

-0.12
-0.14

0.02
-0.05

0.53 ± 0.03
0.26 ± 0.02

0.58 ± 0.02
0.35 ± 0.02

2014 Site 2 Control vs. Treated (F1, F2, F3)

6.55

0.014

-0.915

44

0.365

-0.03936

0.04303 -0.12609

0.04736

0.27 ± 0.05

0.30 ± 0.02

2015 Site 2 Control vs. Treated (F2, F3)
2016 Site 2 Control vs. Treated (F3)

1.374
0.086

0.249
0.773

-1.189
0.908

33
20

0.243
0.375

-0.09512
0.079

0.07998 -0.25785
0.08703 -0.10254

0.0676
0.26054

0.69 ± 0.08
0.54 ± 0.06

0.78 ± 0.04
0.46 ± 0.06

Site 1 Total height: Control vs. Treated (F1)

2.088

0.162

-0.465

23

0.647

-1.36667

2.9415

-7.45162

4.71829

20.43 ± 1.53

21.80 ± 2.79

Site 1 Total height: Control vs. Treated (F2)

0.194

0.664

-0.239

23

0.813

-0.61667

2.5787

-5.95112

4.71778

20.43 ± 1.53

21.05 ± 2.17

Site 1 Total height: Control vs. Treated (F3)

0.841

0.369

0.6

23

0.555

1.28333

2.13996

-3.1435

5.71017

20.43 ± 1.53

19.15 ± 1.24

Site 2 Total height: Control vs. Treated (F1)

1.435

0.244

1.499

21

0.149

12.69015 8.46698 -4.91789 30.29819

49.98 ± 6.85

37.29 ± 5.13

Site 2 Total height: Control vs. Treated (F2)

1.809

0.193

-0.878

21

0.39

-7.26818

8.27569 -24.4784

9.94207

49.98 ± 6.85

57.25 ± 4.84

Site 2 Total height: Control vs. Treated (F3)

1.649

0.214

0.64

20

0.529

5.39091

8.42013 -12.1732 22.95499

49.98 ± 6.85

44.59 ± 4.90

Site 1 Total Caliper: Control vs. Treated (F1)

3.26

0.08

-1.15

23.00

0.26

-0.10

0.08

-0.27

0.08

0.90 ± 0.04

0.99 ± 0.08

Site 1 Total Caliper: Control vs. Treated (F2)

1.962

0.175

-1.52

23

0.142

-0.10443

0.0687

-0.24654

0.03768

0.90 ± 0.04

1.00 ± 0.06

Site 1 Total Caliper: Control vs. Treated (F3)

1.234

0.278

-2.941

23

0.007

-0.19663

0.06687 -0.33495 -0.05831

0.90 ± 0.04

1.09 ± 0.06

Site 2 Total Caliper: Control vs. Treated (F1)

0.432

0.518

1.176

21

0.253

0.23979

0.20398 -0.18442

0.664

1.49 ± 0.17

1.25 ± 0.12

Site 2 Total Caliper: Control vs. Treated (F2)

3.602

0.072

-1.648

21

0.114

-0.298

0.18083 -0.67406

0.07807

1.49 ± 0.17

1.79 ± 0.08

Site 2 Total Caliper: Control vs. Treated (F3)

0.2

0.66

-0.179

20

0.859

-0.03764

0.20988 -0.47543

0.40016

1.49 ± 0.17

1.53 ± 0.13

4.58474 -15.1421 3.51333
4.50196 -2.81821 15.96366

Hypothesis - H6 (Diameter - inches)

Hypothesis - H7 (Total height - inches)

Hypothesis - H8 (Total diameter - inches)
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Figure 10

Hypothesis – H8. The use of t-test box plots for Site 1 total diameter growth
difference between controls and F3. P = 0.007.
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Figure 11

Hypothesis – H6. An illustration of 2014 - 2016, Site 1 (plot 1 on graph) t-tests
measuring controls versus treated (F1, F2, F3) for diameter measurements. P values
for controls on Site 1 and Site 2 for 2014, 2015, and 2016. Equal variances assumed
on all t-tests. F and Sig values are for Levene's Test for Equality of Variances.
Values of t, df, and Sig. (2-tailed) are for t-tests for Equality of Means.
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Figure 12

Hypothesis – H6. An illustration of 2014 - 2016, Site 2 (plot 2 on graph) t-tests
measuring controls versus treated (F1, F2, F3) for diameter measurements. P values
for controls on Site 1 and Site 2 for 2014, 2015, and 2016. Equal variances assumed
on all t-tests. F and Sig values are for Levene's Test for Equality of Variances.
Values of t, df, and Sig. (2-tailed) are for t-tests for Equality of Means.
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Figure 13

Hypothesis – H5. Graphs illustrating 2014 -2016, Site 1 (plot 1 on graph) t-test
measuring controls versus treated (F1, F2, F3) for height measurements. P values
for controls on Site 1 for 2014, 2015, 2016. Equal variances assumed on all T-test.
F and Sig values are for Levene's Test for Equality of Variances. Values of t, df and
Sig. (2-tailed) are for t-test for Equality of Means.
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Figure 14

Hypothesis – H5. Graphs illustrating 2014 -2016, Site 2 (plot 2 on graph) t-test
measuring controls versus treated (F1, F2, F3) for height measurements. P values
for controls on Site 1 for 2014, 2015, 2016. Equal variances assumed on all T-test.
F and Sig values are for Levene's Test for Equality of Variances. Values of t, df and
Sig. (2-tailed) are for t-test for Equality of Means.
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CHAPTER IV
DISCUSSION
Natural Growth Analysis between Sites – Study One
In study one, I took control samples located on both sites and compared the controls
between both sites. No comparison was made within each site in this study. The test sites were
less than half a mile away from each other, yet they were characterized by different
environmental and soil factors. As a result, the trees on each site had different responses. Site 1
had sparse ground cover and an infiltration rate of <0.04 in/hour. Soil resistances measurements
were taken with a spectrum field scout soil compaction meter at both sites, showing Site 1 to
have moderate soil compaction while Site 2 had a low level of compaction. A wind tunneling
effect due to the adjacent highway also impacted Site 1. The soil was normally drier on Site 1
and, as a result, maintained a higher soil strength. Site 1 was in full sun while Site 2 received
early morning and late afternoon shade. Site 2 was in an undisturbed area with established
vegetation that was prone to flooding and had loose, well-aggregated soil with an infiltration rate
of >0.80 in/hour. Temperature was consistent across both plots; however, relative humidity
(RH) on Site 2 was normally 10-20% higher than on Site 1. Site 2 was located on a more
protected area with less wind as opposed to Site 1 that had consistent wind throughout the day.
These abiotic factors played a role in the level of stress on each site and the observed plant
response.
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Within the natural growth analysis between sites from the standpoint of two distinct soil
conditions and climatic conditions, I saw significant height and diameter growth among the
control samples in most years, and stomatal conductance displayed significant differences in one
of the three years tested. Several factors can be viewed as playing a part in the growth
differences. Species played a part in the rapid growth rate seen on Site 2. Red maple is a
competitor species and was able to rapidly establish in favorable soils seen on Site 2. As
reported by Larimer and Struve (2002), competitor species are early successional species which
rapidly adjust growth response to changes in environmental conditions, including nutrient
availability. In their study, they observed nutrient loading in red maple and concluded that red
maple would take on a high shoot: root ratio induced by areas of high resource but would have
lower survival rates and establish slowly in nutrient poor and/or drought prone landscape sites.
On the other hand, the red maples on Site 1 dealt with wind tunneling effects, soil
compaction and drought conditions. Site 1 was a disturbed Atwood soil type with lower Ripley
parent material with a compaction layer at a ten-inch depth. Low infiltration rates, compaction,
full sun and wind tunneling all played factors in a reduced growth rate on Site 1. Leaf
temperature was not included in what I analyzed for the study, but it was observed to fluctuate
with stomatal conductance measurements. On Site 1 the higher density soil limited soil water
and stomatal conductance declined to conserve water. In the Fair et al. (2012b) study, it was
noted that the high-density soil had lower transpirations than the moderate density soil. Fair et
al. (2012b) also observed that difference in transpiration rates between both soils decreased over
time which correlates with the findings in this study. Soil aggregation is an important part of
healthy root growth. It influences root growth by providing more pore space for water, oxygen,
and root expansions. While Site 2 was an undisturbed area with adequate natural aggregation,
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Site 1 was a disturbed compacted soil. The lower amount of pore space from the compacted
subsoil found on Site 1, influenced infiltration rates and root expansion, impacting the roots
ability to supply the plant with resources. Trees planted in urban places with limited water, full
sun and a lower boundary layer due to wind movement can experience higher levels of stress.
These factors should be considered when organizing planting projects to better account for the
level of management needed based on the site. In this study the control samples on Site 2 put on
an average of 49.91 inches of height growth while the control samples on Site 1 put on an
average of 20.43 inches of height growth. The significantly less amount of shoot growth could
indicate that part of the adaptation process on site 1 was reduction in shoot growth to allocate
more carbohydrates to root development (Figure 15).
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Figure 15

Study one comparison of control samples on Site 1 and Site 2. Samples based mean
trunk diameter per site. Photo taken 7-19-2016.

One possible reason for the difference in transpiration rates could have been differences
in gas exchange within the leaves on both Sites. Site 2 had a higher %RH than Site 1 and
possibly a larger boundary layer size at the leaf surface. This difference in RH could have
caused differences in the vapor pressure gradient between the atmosphere and substomatal leaf
area. Site 1 had a lower %RH and more wind movement. The lower RH and wind movement
may have lowered vapor pressure and reduced the boundary layer size. This could indicate that
Site 1 was more susceptible to water loss. In year three, Site 2 was more established and showed
less stress, had more canopy density and foliage creating substantially more photosynthetic
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activity. Following planting, Site 2 had a consistently higher level of available water and better
soil conditions. This factor allowed the plant to sustain a higher rate of transpiration and gas
exchange for photosynthesis and thereby build more carbohydrate reserves and biomass.
Whereas in year three Site 1 was still in the process of establishment and had less canopy density
and foliage. Site 1 experienced more runoff and lower levels of water infiltration. This caused
lower levels of water availability that impacted transpiration as the plants had to be more
efficient with water usage and control gas exchange.
Red maple will normally complete their aboveground shoot growth early in the growing
season (Gaucher et al. 2005). In study one, most of the shoot and diameter growth of the
controls occurred prior to July every year. This observation correlates (Richardson-Calfee et al.
2007, Dumbroff and Webb, 1978) with studies that also noted that the diameter and shoot growth
occurred in stages between April and June. The control samples showed less height and
diameter growth in the harsh conditions seen on Site 1. It is expected that shoot growth will be
reduced in drying soils (Kozlowski et al. 1991). Site 2 on the other hand had more water holding
capacity and would occasionally have standing water. Gilman et al. (2003) demonstrated that
red maple can be tolerant to wet sites and be responsive to irrigation during establishment. In
their study, a positive long-term plant response was seen by supplying water for 24 weeks
following planting (Gilman 2003). This could provide a clue concerning the differences seen
between sites.
Management Application
This study provides valuable in-sight into predicting red maple growth response in areas
where compaction, heat loads, drought conditions and wind tunneling are present. The data from
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this study will be utilized by Toyota Motor Manufacturing, Mississippi, Inc. as further tree
planting projects are completed at the facility, but it will also be beneficial to urban forest
managers faced with establishing plants on harsh sites. Data collected on the two sites
concerning plant growth and varying conditions creates a level of expectation about the
performance of plants in various conditions.
Within the scope of the study, supplemental water and annual mulch was withheld. This
was done to gather data on how red maples respond to adverse conditions. This data can be used
to illustrate the need to allocate adequate funds and resources to post-plant care and cultural
practices like mulching and irrigation. Studies by (Cregg and Ellison 2018, Gilman et al. 2003)
have shown these cultural practices as being beneficial during establishment. The installation of
mulch can influence water retention during times of drought and can provide favorable areas for
development of soil microorganisms that aid in soil aggregation (Yao et al. 2009).
Site Treatments – Study Two
In study two, we did not compare the sites. Our focus was comparing treatment and
control replicates within each site. All significant differences seen in study two occurred on Site
1. The focus of testing in study two was to look for a physiological response to site modification
on tree growth with PF and LI after fracturing the site to create open pathways within the soil.
Prior studies have tested for morphological growth response but not aspects that may impact
plant physiology. Fracturing the soil has been shown to influence water availability (Fredlund et
al. 2010). Plants can show a response to a change in drought conditions by adjusting their
transpiration rate (Zwack et al. 1999). The selected timing and frequency of treatments was
different than a normal treatment used in tree management programs for red maple. The
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treatment timing that was chosen does not correlate with the natural phenology of red maple for
root and shoot growth. Red maple root and shoot growth has been shown to occur primarily in
the spring (Côté et al. 1998). The treatment time for this study was set for mid-summer
following spring growth and only included one treatment, to primarily measure for a change in
stomatal conductance, but shoot and diameter growth were also measured to test for any longterm significant differences.
A significant change in stomatal conductance following treatments was observed in two
of three years in Site 1. The significant interaction seen on Site 1 between the treatments and
time on stomatal conductance concentration in 2014 and 2016 (p = 0.002, p = .007) indicates an
immediate physiological response to the treatment. No significant response was seen in 2015 on
Site 1 however, drought conditions may have impacted the samples. In 2015, the study area had
its highest mortality rate at 14.81% as opposed to 1.82% and 2.17% in 2014 and 2016
respectively. Also, in 2015, the study area only received approximately 0.40 inches of rain in
September during the time when stomatal conductance measurements were being made. No
supplemental irrigation was made during this time which may have influenced plant response.
While designing the study, the decision was made to not provide supplemental irrigation except
in the most extreme conditions. The reason for this decision was to better understand how
drought conditions would influence treatments. On Site 1, drought conditions and higher
mortality rates occurred in the same year that no interaction occurred between treatment and
time, indicating the need to ensure adequate moisture following treatment.
On Site 1, soil compaction and water availability may have influenced physiological
functions within the trees. These factors may have created poor conditions for growth. These
trees were under more stress from soil compaction and water availability. It is possible that the
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significant change in stomatal conductance was a response to the fracturing and possible increase
in available water. This finding correlates with Day and Bassuk (1994) who suggested that trees
under stress from compaction may respond more measurably to compaction alleviation than trees
in healthier soil environments. Pittenger and Stamen (1990) also noted that trees with good vigor
may not respond as measurably as more stressed trees. Trees in Site 2 did not show a significant
stomatal conductance response to treatments and time in all three years as seen in (Table 2). The
soil on Site 2 was a more established heterogeneous soil with healthy vegetation prior to this
research project. It is likely that there was no deficits of available water and favorable growing
conditions on Site 2 and the frequency of fracturing and liquid injection was not enough to cause
a significant difference. Although photosynthesis was not measured in this study, it is possible
that the changes in transpirations rates on Site 1 may have impacted photosynthetic rates and
overall growth through increases in carbon sequestration, carbohydrate production and increased
biomass. It is possible that the treatments stimulated a root growth response outside the natural
phenology of red maple. Richardson-Calfee et al. (2007) observed 11 weeks of root growth from
July to October when red maples were planted in July as ball and burlapped plants, which was
characterized in the study as a disruption in the red maples normal phenology of root
development. Although root development has been suggested, a root biomass study was not
performed. Due to the small sample size and need to maintain the samples throughout the study,
the decision was made to not disrupt the soil or the roots beyond the study treatments.
Also, on Site 1, the F3 trees which were treated a total of three times (i.e., 2014, 2015,
and 2016) showed a significant difference in diameter growth in 2016 when compared to the
controls on Site 1. The controls had a higher mean value for diameter growth in 2014 but by
2015 the trees receiving treatment were higher than the controls. In 2016, the F3’s continued to
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show diameter growth between July and December, whereas the controls had completed most of
their diameter development by July. When examining the p-value for diameter growth, every
yearly treatment made to the treated samples increase the p-value closer to a significant value.
Indicating that multiple treatments can produce increases toward significant values. On Site 1,
the total mean diameter growth over the three years for the controls was 0.90 ± 0.04 inches,
whereas the F1, F2 and F3’s was 0.99 ± 0.08, 1.00 ± 0.06, and 1.09 ± 0.06 inches respectively.
As the treatment frequency increased the p-value trended toward a significant level (F1, p = 0.26;
F2, p = 0.142 and F3, p = 0.007). The significant plant responses seen on Site 1 occurred on a
site with more limiting factors as compared to Site 2 that had more natural soil aggregation and
available resources. It is possible that the F3’s had less root restrictions following the treatment.
The significant increase in diameter growth of the F3’s could additionally indicate root growth.
Day et al. (2010a) concluded that trunk diameter can be a reliable predictor of root spread when
root restrictions are minimal.
Dumbroff and Webb (1978) argued that although studies of treatments may focus on
stem growth, they could be more about improving site factors which may not immediately be
seen in increased shoot growth. In this study, there were no significant height differences
between controls and treated samples on either site (Figure 16, Figure 17).
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Figure 16

Study two comparison of treated versus control samples on Site 1. Samples based
mean trunk diameter per site. Photo taken 7-19-2016.

Figure 17

Study two comparison of treated versus control samples on Site 2. Samples based
mean trunk diameter per site. Photo taken 7-19-2016.
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This was expected as trees generally partition biomass development to root growth during
establishment. In 2016, both F1 and F3 treatments on Site 2 had a lower height growth rates than
the controls however, they sustained plant damage in the third year (spring) from a canker that
damaged the crown and affected overall height measurements.
Management Application
To help build baseline data for PF and LI treatments, this study has been made possible
by donations of time and resources by J. Frank Schmidt and Sons, Toyota Motor Manufacturing,
Mississippi, Inc., and Fulgham’s Inc. J. Frank Schmidt and Sons donated the plant material
while Toyota Motor Manufacturing, Mississippi allowed the study to be conducted on their
property. Fulgham’s Inc. provided testing equipment, and man power to care for the sites during
the study. As an urban forester employed by Fulgham’s Inc., I see the need for research
regarding practical cultural practices that are beneficial and ultimately add to the body of
knowledge. It has been the goal of this study to pinpoint physiological processes that may play a
part in observed plant responses. The data and conclusions of this study will be put into use to
increase the quality of services offered and to improve the accuracy of urban forestry plans.
Urban forestry management plans are based off prescriptions following species, limiting
factors and overall site assessments. Prescriptions should be derived from research found in
literature. In regard to PF and LI, urban foresters need research data to properly prescribe best
management practices (BMPs). PF and LI has shown positive results on plant growth and soil
conditions when used appropriately (Hodge 1993, Rolf 1992). It is possible that the fracturing
created space for more plant resources like water, nutrients, and oxygen. This could be viewed
as an area of root proliferation, much like what is observed in sewer pipes when roots proliferate.
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The PF and LI treatment test design was developed to test changes in stomatal conductance on
time and treatments. The same treatments were replicated on both sites despite different soil
types and environmental factors. Site 1 and Site 2 gave valuable information for scheduling and
treatment frequency. During establishment, multiple treatments were needed to gain a
significant diameter growth difference during the establishment period on Site 1. Site 2 was not
impacted by limiting factors and showed no significant response to the treatments. Based off this
study, it is assumed that plants can show positive response to multiple PF and LI treatments in
areas where soil conditions cause limiting factors. On site 1, there was no harm to the plants
while providing this specific soil treatment on young un-established plants in harsh conditions.
This is important as there’s mixed results and recommendations regarding soil treatments on
newly planted trees.
Cultural practices involving various treatments are needed to provide favorable growth
and aid in establishment (Dumbroff and Webb, 1978). BMPs are designed to address overall
management goals and will typically include multiple cultural practices for plant care. When
appropriate, PF and LI can be utilized to influence soil conditions that can lead to plant response.
It is assumed that by adding mulch and irrigation to Site 1, a greater response may have been
seen across all samples and there may have existed a more significant cumulative response
within the treated samples. One-time events for cultural practices such as irrigation, mulching
and chemical treatments will not yield the same benefits seen by consistent long-term utilization
of the same practices. In the case of this study, it holds true. Although the plants showed an
immediate physiological interaction with one treatment, it took multiple treatments to show a
significant difference in growth.
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CHAPTER V
CONCLUSION
Study one was conducted to compare natural growth of red maple on varying site
conditions and to test PF and LI on two adjacent sites with varying site conditions with clonal
samples. The two sites allowed us to evaluate plant growth with low stress against a site with
multiple stress factors between sites. Evaluation of the controls on both sites allowed us to
expand our analysis to natural plant performance between site conditions. The comparison of
responses to site conditions of the control samples supported prior studies and further quantifies
the response of red maple to environmental stress factors. The characteristic responses seen
from the clonal trees’ present opportunity for future research. The trees on Site 1 have adapted
to harsh conditions with a more compact growth habit and smaller leaf area. Future on-site
research could potentially be centered around whether plant plasticity in red maple can change if
trees are relocated to a site with healthier conditions or if limiting factors are resolved with
increased care.
Study two further measured plant response to multi-year treatments of PF and LI. Multiyear treatments of PF and LI on plants has little literature available to assist in prescribing proper
treatments. Treatment schedules were designed to test for a specific physiological process to
build a baseline of data for future research. Treatment timing was set for mid-summer,
specifically for testing transpiration and interaction with the treatment. Significant responses of
stomatal conductance to the treatment helped pinpoint an immediate physiological change.
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Additionally, the increase in trunk diameter on the F3’s showed that multiple treatments yielded
a significant increase over the controls. Both responses were seen on Site 1 where limiting
factors existed. The test provided the data needed to better understand one aspect of plant
interaction with PF and LI treatments. Prior research has provided data to characterize the
fracture pattern, water and oxygen movement within the soil and root movement within soil
fractures. Future studies are needed to further investigate plant response to multiple treatments
per year at different schedules. More in-depth studies are needed to measure species-specific
physiological processes including photosynthesis, and overall plant water balance and changes in
root architecture during long-term treatment schedules. Additionally, research is needed to
measure response to treatments and the additive effects of incorporating other cultural practices
that help modify and enhance site condition

51

REFERENCES
American Forestry. (1917). Planting pecans. American Forestry 23(283): 568.
Anderson, D. B., Peyton, B. M., Liskowitz, J. L, Fitzgerald C., and Schuring J. R. (1994).
Enhancing in situ bioremediation with pneumatic fracturing. In Situ and On-Site
Bioreclamation: The Third International Symposium Proceedings, San Diego, California.
Baldi, E., Toselli, M., Eissenstat, and Marangoni, D. (2010). Organic fertilization leads to
increased peach root production and lifespan. Tree Physiology, 11: 1373-1382.
Bauerle, W. L., Whitlow, T. H., Setter, T. L., Bauerle, T. L., Vermeylen, F. M. (2003).
Ecophysiology of Acer rubrum seedlings from contrasting hydrologic habitats: Growth,
gas exchange, tissue water relations, abscisic acid and carbon isotope discrimination.
Tree physiology, 23: 841-850.
Calfapietra, C., Penuelas, J., and Niinemets, Ü. (2014). Urban plant physiology: Adaptationmitigation strategies under permanent stress. Trends in plant science, 20(2): 72-75.
Call, L. E., and Throckmorton, R. I. (1915). The use of dynamite in the improvement of heavy
clay soils. Agricultural Experiment Station Bulletin No. 209, Kansas State University.
Manhattan, Kansas.
Chapman, D. (1996). Effects of soil aeration on trunk growth, yield, and nut quality of Pecan.
Master of Science Thesis. Texas A&M: College Station, Texas.
Chen, G. (2009). Alleviation of soil compaction by brassica cover crops. University of Maryland
Doctorate dissertation, College Park, Maryland.
Close, R. E., Kielbaso, J. J., and Nguyen, P. V. (1996). Urban vs. natural sugar maple growth: I.
Stress symptoms and phenology in relation to site characteristics. Journal of
Arboriculture, 22(3): 144-150.
Coder, K. D. (1998). Root growth control: Managing perceptions and realities. The Landscape
Below Ground II, International Society of Arboriculture. Champaign, Illinois, pp. 51-81.
Côté, B., Hendershot, W. H., Fyles, J. W., Roy, A. G., Bradley, R., Biron, P. M., and
Courchesne, F. (1998). The phenology of fine root growth in a maple-dominated
ecosystem: relationships with some soil properties. Plant and Soil, 201: 59-69.
52

Coutts, M. P. (1989). Factors affecting the direction of growth of tree roots. Forest Tree
Physiology, 46: 277s-287s.
Cregg B and Ellison D. (2018). Growth and establishment of container-grown London
planetrees in response to mulch, root-ball treatment and fertilization. Urban Forestry &
Urban Greening, 35:139-147.
Day, S. D., Wiseman, P. E., Dickinson, S. B., and Harris, J. R. (2010a). Contemporary Concepts
of Root System Architecture of Urban Trees. Arboriculture & Urban Forestry, 36(4):
149-157.
Day, S. D., Wiseman, E., Dickinson, S. B., and Harris, J. R. (2010b). Tree root ecology in the
urban environment and implications for a sustainable rhizosphere. Arboriculture &
Urban Forestry, 36(5): 193-205.
Day, S; and Bassuk, N. (1994). A review of the effects of soil compaction and amelioration
treatments on landscape trees. Journal of Arboriculture, 20(1): 9-17.
Dumbroff, E. B., and Webb, D. P. (1978). Physiological characteristics of sugar maple and
implications for successful planting. The Forestry Chronicle, 4: 92-95.
DuPont, Co. 1911. Tree planting with DuPont Dynamite. E. I. du Pont de Nemours Powder Co.
Wilmington, Delaware.
Fair, B. A., Metzger, J., and Vent, J. (2012a). Response of eight maple cultivars (Acer spp.) to
soil compaction and effects of two rates of pre-plant nitrogen on tree establishment and
aboveground growth. Arboriculture and Urban Forestry, 38(2): 64-74.
Fair, B. A., Metzger, J. D., and Vent, J. (2012b). Characterization of physical, gaseous, and
hydrologic properties of compacted subsoil and its effects on growth and transpiration of
two maples grown under greenhouse conditions. Arboriculture and Urban Forestry,
38(4): 151-159.
Farrell, C., Szota, C., and Arndt, S. K. (2015). Urban plantings: 'living laboratories' for climate
change response. Trends Plant Science, 20(10): 597-599.
Faucon, M-P., Houben, D., and Lambers, H. (2017). Plant functional traits: soil and ecosystem
services, Trends in Plant Science, 22(5): 385-394.
Fredlund, D. G., Houston, S. L., Nguyen, Q., Fredlund, M. D. (2010). Moisture Movement
through Cracked Clay Soil Proﬁles: Geotechnical and Geological Engineering, 28: 865–
888.

53

Gaucher, C., Gougeon, S., Mauffette, Y., and Messier, C. (2005). Seasonal variation in biomass
and carbohydrate partitioning of understory sugar maple (Acer saccharum) and yellow
birch (Betula alleghaniensis) seedlings. Tree Physiology, 25: 93-100.
Gillner, S., Vogt, J., and Roloff, A. (2013). Climatic response and impacts of drought on oaks at
urban and forest sites. Urban Forestry & Urban Greening, 4: 597-605.
Gilman, E. F., Grabosky, J., Stodola, A., and Marshall, M. D. (2003). Irrigation and container
type impact red maple (Acer rubrum L.) 5 years after landscape planting. Journal of
Arboriculture, 4: 23-236.
Hascher, W., and Wells, C. E. (2007). Effects of soil decompaction and amendment on root
growth and architecture in red maple (Acer rubrum). Arboriculture & Urban Forestry,
33(6): 428–432.
Hodge, S. J. (1993). The effect of stem nutrient injection and compressed air soil injection on the
performance of established amenity trees. Arboricultural Journal (United Kingdom), 3:
287-300.
IBM Corporation. (2017). IBM SPSS Statistics, version 25. IBM Corporation. 1 New Orchard
Road Armonk, New York 10504-1722, United States.
Jin, K., Jianbo, S., Shi, L., White, P. J., William, R., and Whalley, W. R. (2017). Shaping an
Optimal Soil by Root–Soil Interaction. Trends in Plant Science, 22(10): 823-829.
Kozlowski, T. T., Kramer, P. J., and Pallardy, S. G. (1991). The physiological ecology of woody
plants, San Diego: Academic Press, 264 pp.
Lahr, E. C., Dunn, R. R., and Frank, S. D. (2018). Variation in photosynthesis and stomatal
conductance among red maple (Acer rubrum) urban planted cultivars and wildtype trees
in the southeastern United States. PLOS One, pp. 1-18.
Larimer, J., and Struve, D. (2002). Growth, dry weight and nitrogen distribution of red oak and
`Autumn Flame’ red maple under different fertility levels. Journal of Environmental
Horticulture, 20(1): 28-35.
Litvak, E., McCarthy, H. R., and Pataki, D. E. (2017). A method for estimating transpiration of
irrigated urban trees in California. Landscape and Urban Planning, 58: 48-61.
Liu, B., Cheng, L., Li, M., Liang, D., Zou, Y., Ma, F. (2012). Interactive effects of water and
nitrogen supply on growth, biomass partitioning, and water-use efficiency of young apple
trees. African Journal of Agricultural Research, 7(6): 978-985.
Matheny, N. P., and Clark, J. R. (2008). Maintaining the Urban Forest. Municipal Specialist
Study Guide, pp. 95-127.
54

McCarthy, H. R., and Pataki, D. E. 2010. Drivers of variability in water use of native and nonnative urban trees in the greater Los Angeles area. Urban Ecosystem, 13: 393-414.
McElrone, A. J., Choat, B., Gambetta, G. A., and Brodersen, C. R. (2013) Water Uptake and
Transport in Vascular Plants. Nature Education Knowledge, 4(5): 6.
McGonigal, S. (1995). Integration of pneumatic fracturing and in situ vitrification in coarse
grained soils. Master of Science Thesis in Environmental Engineering. New Jersey
Institute of Technology. Newark, New Jersey.
McMahon, J. M., and Christy, A. D. 2000. Root Growth, Calcite Precipitation, and Gas and
Water Movement in Fractures and Macropores: A Review with Field Observations. Ohio
Journal of Science, 3/4: 88-93.
McPherson, E. G., and Peper, P. J. (2012). Urban tree growth modeling. Arboriculture and
Urban Forestry, 38(5): 172-180.
Michelot, A., Breda, N., Damesin, C., and Dufrene, E. (2012). Differing growth responses to
climatic variations and soil water deficits of Fagus sylvatica, Quercus petraea and Pinus
sylvestris in a temperate forest. Forest Ecology and Management, 265: 161-171.
Northern Nut Growers Association (NNGA). (1914). Report of the proceeding at the fifth annual
meeting. Evansville, Indiana, pp. 43-45.
Pietragalla, J., and Pask, A. (2012). Stomatal Conductance. Physiological breeding II: a field
guide to wheat phenotyping, pp. 15-17.
Pittenger, D. R., and Stamen, T. (1990). Effectiveness of methods used to reduce harmful effects
of compacted soil around landscape trees. Journal of Arboriculture, 3: 55-57.
Pohls, O., Bailey, N. G., and May, P. B. (2004). Study of root invasion of sewer pipes and
potential ameliorative techniques. Acta Horticulturae, 643: 113-121.
Raj, S., Bräutigam, K., Hamanishi, E. T., Wilkins, O., Thomas, B. R., Schroeder, W., Mansfield,
S. D., Plant, A. L., and Campbell, M. M. (2011). Clone history shapes Populus drought
responses. Proceedings of the National Academy of Sciences of the United States of
America, 108(30): 12521-12526.
Richardson-Calfee, L. E., Harris, J. R., and Fanelli, J. K. (2007). Post transplant root and shoot
growth periodicity of sugar maple. Journal of the American Society for Horticultural
Science, 127(2): 147-157.
Roberts, J., Jackson, N., and Smith. (2006). Tree Roots in the Built Environment. Research for
Amenity Trees 8. London: The Stationery Office, pp. 24, 201.
55

Rolf, K. (1992). Soil physical effects of pneumatic subsoil loosening using a Terralift soil
aerator. Journal of Arboriculture, 18(5): 235-240.
Rolf, K. (1994). Soil compaction and loosening effects on soil physics and tree growth. G.W.
Watson and D. Neely (Eds.). The Landscape Below Ground. International Society of
Arboriculture, Savoy, Illinois, pp. 131-148.
Smiley, E. T., Watson G. W., Fraedrich, B. R., and Booth, D. C. (1990). Evaluation of soil
aeration equipment. Journal of Arboriculture, 16: 118–123.
Smiley, E. T. (1994). The effects of soil aeration equipment on tree growth. G.W. Watson and D.
Neely (Eds.). The Landscape Below Ground. International Society of Arboriculture,
Savoy, Illinois, pp. 207-210.
Struve, D. K. (2009). Tree establishment: a review of some of the factors affecting transplant
survival and establishment. Arboriculture and Urban Forestry, 35(1): 10-13.
Suthersan, S. S. (1999). Hydraulic and pneumatic fracturing. Remediation engineering: design
concepts, CRC Press LLC. Boca Raton, Florida.
Watson, G. W., Hewitt, A. M., Custic, M., and Lo, M. (2014). The management of tree root
systems in urban and suburban settings II: A review of strategies to mitigate human
impacts. Arboriculture & Urban Forestry, 40(5): 249–271.
Wheeler, J. A., Gonzalez, N. M., and Stinson, K. A. (2017). Red hot maples: Acer rubrum firstyear phenology and growth responses to soil warming. Canadian Journal of Forest
Research, 47: 159-165.
Williams, N., Hahs, A. K., and Vesk, P. (2014). Urbanisation, plant traits and the composition of
urban floras. Perspectives in Plant Ecology, Evolution and Systematics, 17(1): 78-86.
Yao, S., Merwin, A. I., and Brown, M. G. (2009). Apple root growth, turnover, and distribution
under different orchard groundcover management systems. HortScience, 44(1): 168-175.
Yelenoski, G. (1964). Tolerance of trees to deficiencies of soil aeration. International Shade Tree
Conference, 40: 127-147.
Yin, J., Bassuk, N. L., and Harper, R. W. (2017). Effects of tree production method and
transplanting on root hydraulic conductance. Journal of Environmental Horticulture,
35(2): 79–83.
Zwack, J. A., Graves, W. R., and Townsend, A. M. (1999). Variation among red and Freeman
maples in response to drought and flooding. HortScience, 34(4): 664-668.

56

